Unregulated cell growth, a major hallmark of cancer, is coupled with telomere shortening. Measurement of telomere length could provide important information on cell replication and proliferation state in cancer tissues. Telomere shortening and its potential correlation with downregulation of cell-cycle regulatory elements were studied by the examination of relative telomere length and methylation status of the TP53, P21 and P16 promoters in tissues from breast cancer patients. Telomere length was measured in 104 samples (52 tumors and paired adjacent normal breast tissues) by quantitative PCR. Methylation profile of selected genes was analyzed in all samples using a matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS). Our results demonstrated a significant shortening of tumor telomere regions compared with paired adjacent normal tissues (Po0.001). Similarly, telomere lengths were significantly shorter in advanced stage cases and in those with higher histological grades (Po0.05). Telomere shortening in cancer tissues was correlated with a different level of hypermethylation in the TP53, P21 and P16 promoters (r ¼ À0.33, P ¼ 0.001; r ¼ À0.70, Po0.0001 and r ¼ À0.71, Po0.0001, respectively). The results suggested that inactivation of p16/Rb and/or p53/p21 pathways by hypermethylation may be linked to critical telomere shortening, leading to genome instability and ultimately to malignant transformation. Thus, telomere shortening and promoter hypermethylation of related genes both might serve as breast cancer biomarkers.
1
The TTAGGG repeats shorten with each cell division because of end replication mispairing, oxidative damage and other end processing events. 2, 3 Tumor cells have extremely short telomeres 4, 5 in association with increased genomic instability. 6, 7 This could suggest that telomere changes are implicated in cancer pathways. Similarly, Meeker et al 8 observed that telomere length abnormalities occur early in epithelial carcinogenesis. Therefore, telomere length may serve as a useful biomarker in human cancers.
Regulation of p16/Rb and p53/p21 pathways are important proliferation control mechanisms that are linked to telomere shortening in human cells. 9 Inactivation of p53 enables continued proliferation of cells with dysfunctional telomeres, ultimately promoting chromosomal instability and transformation, 10, 11 whereas expression of p16 inhibits phosphorylation of the retinoblastoma protein (pRB), thus preventing cell-cycle progression. 12 Recent data suggest that the severe genome instability present during telomere crisis, promotes secondary genetic changes that facilitate carcinogenesis. 13, 14 Other studies indicated that upregulation of p16 in senescent cells may also be a consequence of telomere dysfunction. 15 Optimal telomere length determination is achieved by real-time polymerase chain reaction (PCR). 16 This method relies on the use of telomere primers consisting of a six nucleotide repeated pattern containing four consecutive paired bases, followed by two mismatched bases and a unique 5 0 sequence. The technique permits calculation of a ratio of telomere repeat copy number to a chosen internal control gene copy number as a relative measure of telomere length unit.
The SEQUENOM's EpiTYPER assay is a methylation quantification method which relies on MALDI-TOF MS. 17 The robustness of this approach for DNA methylation quantification has been previously confirmed by ulterior studies. [18] [19] [20] In the current report, this assay was used to quantify the methylation of TP53, P21 and P16 promoter regions.
The aim of this study was to investigate a potential link between promoter hypermethylation of the TP53, P21 and P16 genes and telomere length shortening. Paired breast tumor and adjacent normal breast tissues were analyzed by quantitative PCR and MALDI-TOF MS to measure relative telomere length and promoter methylation level of aforementioned genes, respectively. In addition, we compared telomere length in tumor tissues to traditional pathological parameters and clinical predictive markers.
Materials and methods

Samples
The study was approved by the local institutional review board. Cases with demonstrated BRCA1 or BRCA2 germline mutations or primary invasive breast carcinoma were excluded. Size of each tumor was evaluated by calculation of surface area (in cm 2 ) based on the measurement of its two greatest axes. Samples were obtained from 52 paraffin-embedded breast cancer tissues and 52 paired adjacent normal tissues. The corresponding embedded tissue in paraffin blocks of both tumor and adjacent normal tissue were sectioned in 5 mm thickness for immunohistochemical staining study. The pathological type, grading and staging were confirmed from the original microscopy slides, which were reviewed separately by two experienced pathologists. Staging and grading was evaluated according to the WHO histological classification.
Remaining part of the paraffin blocks were sectioned (thickness, 10-20 mm) from entirely neoplastic and adjacent normal tissue for DNA extraction.Three to five tissue sections (around 100 mg of tissue) were subjected for DNA extraction using the High Pure PCR Template Preparation Kit (Roche Diagnostics, Mannheim, Germany).
Immunohistochemical Staining
The standard avidin-biotin-peroxidase-complex and heat-induced antigen retrieval using the microwave method was applied for all immunohistochemical staining. The analysis for the detection of estrogen receptor (ER), progesterone receptor (PR) and HER2/neu (C-ErbB-2) proteins was carried out on 5 mm-thick sections of paraffin-embedded tissue blocks using primary antibodies for ER (Dako Ltd, Cambridgeshire, UK; clone ID-5, 1:50 dilution), PR (Dako, clone PgR, 1:300 dilution) and HER2/ neu antibody (Dako, clone PN2A, 1:200 dilution). Horseradish peroxidase-streptavidin was added and incubated for 30 min followed by dimethylaminoazobenzene (DAB) treatment for 10 min.
Appropriate positive and negative controls were included with each immunohistochemical staining. Normal breast tissues from the studied cases served as an additional internal control. The Quick Score method was used for semi-quantification of ER and PR status as follows: The slides were assessed for average degree of the staining at low power ( Â 10), and the following scores were allocated: negative (0), weak (1), moderate (2) or strong (3) . The percentage of cells with positive nuclei was counted at high power ( Â 40), and the following scores were allocated: o25% (1), 25r50% (2), 50r75% (3) and 475% (4). HER2/ neu immunoreactivity was scored according to the conventional scoring system as follows: (0) negative, (1 þ ) negative, (2 þ ) equivocal or weakly positive and (3 þ ) strongly positive.
Quantitative Assessment of the Telomere Length
Telomere repeated sequences and glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH) amplification was carried out for each sample by real-time PCR. GADPH was used as internal control (nuclear DNA (nDNA) reference) against which DNA quantification normalization was carried out. Primers were as follows: for GAPDH, forward 5 0 -CCCCACACAC ATGCACTTACC-3 0 and reverse 5 0 -CCTAGTCCCA GGGCTTTGATT-3 0 ; for telomere DNA (tDNA), forward 5
0 -CGGTTTGTTTGGGTTTGGGTTTGGGTTTG GGTTTGGGTT-3 0 and reverse 5 0 -GGCTTGCCTTAC CCTTACCCTTACCCTTACCCTTACCCT-3 0 . 16 Detection and quantification were carried out with the ABI Prism 7000 Sequence Detector and ABI Prism 7000 SDS software (Applied Biosystems, Foster City, CA, USA), respectively.
Reaction was carried out with 5 ml of template DNA, 12.5 ml SYBR Green PCR Master Mix (Applied Biosystems) and 7.5 ml of each 10 mM primers, for a final reaction volume of 25 ml. Thermal cycling was carried out according to the following reaction sequence: 95 1C for 10 min, followed by 40 cycles of 95 1C for 15 s and 54 1C for 2 min for the telomere amplification, and 95 1C for 10 min, followed by 40 cycles of 95 1C for 15 s and 60 1C for 1 min for GAPDH. Following amplification, a dissociation curve was drawn to confirm the specificity of the reaction. Standard and dissociation curves were generated with the ABI Prism 7000 SDS software. R 2 for each standard curve was 40.98.
We examined the amplification efficiency for both GAPDH and telomere DNA with a set of serial dilutions, specifying a tDNA and a 97-bp GAPDH amplicon concentrations ranging from 3.125 Â 10 4 to 10 pg/ml (including 31 250, 6250, 1250, 250, 50 and 10 pg/ml). There was good correlation of tDNA and GAPDH signal on serial dilutions, with comparable efficiencies of amplification. The average threshold cycle number (Ct) values of GAPDH and tDNA were obtained from each case in this study. The relative telomere length was calculated using the average Ct of telomere DNA and GAPDH (DCt ¼ Ct GAPDHÀCt tDNA) in the same sample as an exponent of 2 (2 DCt ). All samples were run in parallel triplicate and the median value was used for calculations. In each run, a standard curve and a negative control (water) were included.
High-Throughput Methylation Analysis using Thymidine-Specific Cleavage Mass Array on MALDI-TOF Silico-Chip
The EpiTYPER assay using MALDI-TOF MS and MassCLEAVE reagent was assessed for highthroughput analysis of DNA methylation patterns of three tumor suppressor gene promoters (TP53, P21 and P16) according to the previously published methods. 17, [19] [20] [21] Briefly, bisulfite conversion of the target sequence was obtained using the Epitect bisulfite kit (QIAGEN AG, Basel, Switzerland). Primers were designed to cover the promoter regions with the most CpG sites. A T7-promoter tag was added to the reverse primer and a 10mer-tag sequence was added to the forward primer to balance the PCR primer length. 20 Unincorporated dNTPs were dephosphorylated by alkaline phosphatase treatment (SAP; SEQUENOM, San Diego, CA, USA). Typically, 2 ml of the PCR were directly used as a template in a 5 ml of in vitro transcription reaction. In all, 20 U of T7 R&DNA polymerase (Epicentre, Madison, WI, USA) was used to incorporate dTTP in the transcripts. Ribonucleotides and dNTPS concentrations were 1 and 2.5 mmol/l, respectively. In the same step, the RNase A (SEQUENOM) was added to cleave the in vitro transcript (T-cleavage assay). The mixture was robotically dispensed (nanodispenser) onto silico chips preloaded with matrix (SpectroCHIP; SEQUENOM). Mass spectra were collected using a MassARRAY Compact MALDI-TOF (SEQUENOM) and spectra's methylation ratios were generated by the Epityper software v1.0 (SEQUENOM).
Statistical Analysis
Data analysis was carried out using the SPSS software (Statistical Software Package for Windows, version 17). The Shapiro-Wilk and KolmogorovSmirnov tests were used to data distribution analyzis. Both tests similarly demonstrated that our data set was not normally distributed (P ¼ 0.000/ 0.000 by Shapiro-Wilk test and P ¼ 0.000/0.001 by Kolmogorov-Smirnov test for tDNA assay and GAPDH assay, respectively). The relative telomere length is given as the median. Wilcoxon signed ranks test was used to compare the differences between ranks of each paired samples. The Mann-Whitney U-test and Kruskal-Wallis test were used to compare the shortened telomere length in the cancer tissues and paired normal tissues.
Quantitative methylation status of the three previously stated tumor suppressor promoters was compared with relative telomere length. Using the two-way hierarchical cluster analysis, the most variable CpG fragments for each gene were clustered based on pair-wise Euclidean distances and linkage algorithm for all studied samples according to the previously developed method. [19] [20] [21] For gene clustering, pair-wise similarity metrics were calculated for each gene separately based on methylation ratio of cancer tissues across the adjacent paired normal tissues. The procedure was carried out using the double dendrogram function of the Gene Expression Statistical System for Microarrays (GESS) version 7.1.19 (NCSS, Kaysville, UT, USA). The non-parametric Spearman's r-test was used for correlation study between telomere length and promoter hypermethylation of TP53, P21 and P16 gene promoters using SPSS software.
Results
Pathological Classification of Samples
According to pathological tumor type and immunohistochemical staining, we separated our patient' samples into two subgroups: ductal carcinoma and lobular carcinoma (Figure 1 ). Breast cancer characteristics, such as staging, histological grading, hormone receptor status and HER2/neu expression from breast cancer patients are listed in Tables 1 and 2 .
Telomere Length Quantification and Methylation Analysis using Paraffin Embedded Tissues
The use of formalin-fixed, paraffin-embedded tissue sections, for which there is a significant degree of degradation, fragmentation and chemical modification of the nucleic acids, is a major limitation for this type of study 19, 22 because it can reduce the Telomere length and promoter methylation sensitivity of the telomere length measurement. 23, 24 In this study, we explored the feasibility of using paraffin-embedded tissues for the quantitative assessment of telomere length together with highthroughput methylation quantification on MALDI-TOF silico-chips. 20, 21 Before carrying out telomere length analysis, yield of extracted DNA from formalin-fixed paraffin-embedded tissues was quantified using NanoDrop ND-1000 spectrophotometer (Biolab, Mulgrave, Vic, Australia). Median DNA quantities was determined as 37.92 ng/ml. Samples with o10 ng/ml of DNA were not considered for further experiments and DNA extraction for these samples was repeated.
Relative Telomere Length in Cancer and Paired Normal Breast Tissues
Data analysis demonstrates an 8.58 cycle difference (DDCt, delta Ct) between normal and cancer tissues. The telomere length in cancer tissues was significantly lower than that in normal tissues (Mann-Whitney U-Test: Po0.001) (Figure 2a) . Out of 52 paired samples, 41 pairs show telomere length in normal tissues significantly longer than telomere length in tumors (Wilcoxon signed ranks test: Po0.001).
Correlation Between Shortened Telomere Length and Other Prognostic Factors for Breast Cancer
In this study, associations between the ratio of telomere length in breast cancer tissues and traditional clinical parameters, such as age, tumor type, tumor size, lymph node involvement, extent of metastasis, stage, histological grading, receptor status and pathological biomarkers (HER-2/neu and PS2), were analyzed (Table 2) . Shortened telomere length in breast cancer tissues was not associated with age (Z50 vs o50), tumor type (ductal vs lobular), tumor size (T1, T2 and T3), lymph node involvement (N0 and NZ1), ER and PR status, HER-2/neu amplification nor presenilin 2 (PS-2) detection (Table 2 ). However, shorter telomere length was correlated with higher histological grading (grade I vs II and III, P ¼ 0.007) (Figure 2c ) and distant metastasis (P ¼ 0.035) (Figure 3 ). We could not find any significant telomere length 
Methylation Status of Three Tumor Suppressor Genes Using MALDI-TOF MS
The quantitative methylation profile of three tumor suppressor promoters (TP53, P21 and P16) was compared with relative telomere length in breast cancer and paired normal tissues. The CpG sites were analyzed by T-cleavage assay using MALDI-TOF MS. For these three studied promoters, we analyzed one amplicon per gene containing 83 CpG sites per sample (4316 CpG sites in total). 20 Using the two-way hierarchical cluster analysis, we demonstrated different levels of methylation in the three studied promoters in cancer and adjacent normal tissues (Figure 4) . The results showed significant correlation between the telomere length shortening ratio in cancer tissues and the TP53, P21 and P16 promoters hypermethylation (r ¼ À0.33, P ¼ 0.001; r ¼ À0.70, Po0.0001 and r ¼ À0.71, Po0.0001 respectively) (Figure 4) . Telomere length and promoter methylation
Discussion
The association between telomere length alterations and cancer has been studied for decades. In the present study, telomere length and promoter methylation status of the p16/Rb and p53/p21 pathways were examined in different grades of breast cancer in 104 paired cancer and normal tissues from 52 patients with breast cancer. Our results show that the average telomere length in breast cancer tissue was significantly shorter than that in the adjacent normal tissue, especially in the histological grades II and III (Po0.001) (Figure 2c ). Moreover, hypermethylation of TP53, P21 and P16 promoters significantly correlated with shortened telomere length in the cancer tissues (Po0.001) (Figure 4) . The most important function of telomeres is the maintenance of genomic integrity and stability. 1, 25 Recently, Lin et al 24 reviewed the dynamics of telomere length in different types of cancers. Several studies examining telomere length in humans found that breast carcinomas had shorter telomeres than normal breast tissue, and high grade (grade III of III) invasive carcinomas had shorter telomeres than low grade (grade I) invasive carcinomas. 26 Our study on paired cancer and normal tissues concurs with those previous reports, and also demonstrates correlation between shortened telomere length and higher histological grading (Figure 2c and d) .
Recently, Svenson et al 27 showed that telomere length in peripheral blood cells differs between breast cancer patients and control subjects, and may serve as a significant prognostic biological marker. In general, malignant tumors show shorter telomeres than corresponding normal tissue, and telomere dysfunction has been indicated as a negative prognostic marker in solid tumors, including breast cancer. 28, 29 Telomere shortening in primary human cells leads to replicative senescence, which is regulated in part by effectors in the p16/Rb and/or p53/p21 pathways. 9, 11, 30 As well, p53/p21-mediated DNA damage signals are elicited by telomere dysfunction. However, there is still considerable debate on the exact role of telomere attrition on the p16 pathway during senescence.
Inhibition of the p16/Rb and/or p53/p21 pathways enables continuous cell division and critical telomere shortening, a phenomenon known as 'telomere crisis'. 15, 31 Using the mass spectrometry on MALDI-TOF silico-chips, we determined quantitative methylation changes of TP53, P21 and P16 promoters in paired cancer and non-tumor samples. P21 and P16 promoters have been reported as being strongly hypermethylated in breast cancer tissues, compared with adjacent normal breast tissues. 20 This study shows significant correlation between telomere length shortening and TP53, P21 and P16 promoters methylation status (TP53:r ¼ À0.33, P ¼ 0.001; P21:r ¼ À0.70, Po0.0001 and P16:r ¼ À0.71, Po0.0001) (Figure 4 ) in breast cancer tissues. Although our previous study indicated some hypermethylation level of the TP53 promoter, this hypermethylation level was not significant in breast cancer tissues in comparison with adjacent normal tissues. 20 Our new finding shows a significant correlation between TP53 hypermethylation and telomere shortening. This suggests that even low level of hypermethylation of TP53 can influence telomere length shortening. Taken together, these findings could suggest that p16 and p53/p21 may function as a gatekeeper to prevent critical telomere shortening and genome instability.
Changes in telomere length in breast cancer may not be correlated with distant invasion. 32 However, our results showed a significant correlation between telomere length shortening and distant metastasis (Po0.05) (Figure 3 ). Although we could not find any significant correlation between telomere length and age (Z50 vs o50) in cancer tissue (Figure 5a ), a significant shortened telomere length was observed in patients over the age of 50 years (Po0.05) (Figure 5b ). This finding is in accordance with previous studies on telomere length and aging. 33, 34 It was reported that telomere length is reduced in histologically normal tissues distant at least 1 cm from the adjacent tumor margins. 35 Although the tissue appears normal, it harbors various genetic changes, including telomere dysfunction, that are reflective of the adjacent carcinogenesis process. This seriously complicates the use of histologically normal tissue as control. 35, 36 Also examining whole tissue sections rather than examining telomere lengths by in-situ methodology, which permits distinction of lesional tissue from contaminating normal tissues is one of the limitations of used methodology. 37 To reduce the challenge of contaminating normal tissues, the paired normal samples in our study were selected with distances more than 1.5 cm to the adjacent tumor tissues. In one report, moderate telomere shortening was observed in approximately 50% of histologically benign breast duct lobular units. 37 This kind of telomere shortening might be the result of physiological proliferation, and may delineate the cells at risk for subsequent malignant transformation, but in our work we could not find significant telomere shortening in the far adjacent normal tissues. In conclusion, our data suggests that shortened telomere length is significantly correlated with carcinogenesis. Moreover, telomere length is also significantly shorter in cancer tissues from patients with distant metastasis compared with those from patients without metastasis. Promoter hypermethylation of the p16/Rb and p53/p21 pathways showed significant correlation with telomere shortening. The involvement of these cell-cycle regulator pathways may allow for continuous cell division and critical telomere shortening. Shortened telomere length and hypermethylation of p53, p21 and p16 promoters might serve as biomarkers in breast cancer.
